ABSTRACT An experiment was conducted to evaluate the total Trp requirement of first cycle laying hens from 41 to 60 wk of age. In total, 270 Hy-Line W36 laying hens were randomly allocated to six treatments with 15 replicate groups of three birds for each experimental unit. A Trp-deficient basal diet was formulated with corn, corn gluten meal, and soybean meal with determined Trp, Lys, and crude protein concentrations of 0.096%, 0.873%, and 15.0%, respectively. Synthetic L-Trp was supplemented to the basal diet in 0.020% increments to generate experimental diets containing 0.096%, 0.116%, 0.136%, 0.156%, 0.176%, and 0.196% Trp, respectively. Hens were provided a controlled amount of feed of approximately 95 g/d. The diet containing the lowest concentration of Trp resulted in reduced egg production and was halted at 45 wk of age due to low performance with all other dietary treatments reaching the conclusion of the experiment at 60 wk of age. Plasma serotonin responded to dietary Trp concentration, but was not a good candidate for Trp requirement estimation. Linear broken line, quadratic broken line, quadratic polynomial, and exponential models were used to estimate Trp requirement based on hen-housed egg production (HHEP), egg mass (EM), and feed conversion ratio (FCR). HHEP ranged from 50.7% to 81.0%, dependent upon dietary concentration of Trp. Tryptophan requirements estimated by linear broken line, quadratic broken line, quadratic polynomial, and exponential models were reported. Using the linear broken line model, Trp requirement was highest for EM, 155.8 mg/d, followed by egg production, 153.2 mg/d and lowest for FCR, 140.4 mg/d.
INTRODUCTION
Tryptophan is an essential amino acid, required for protein synthesis, and several other metabolic processes in laying hens. Although required, the literature is mixed if Trp is considered the third or fourth limiting amino acid for laying hens. Research on the Trp requirement in laying hens has been limited (Ishibashi, 1985; . As an essential amino acid, Trp is involved in body protein synthesis as well as protein production to support egg production (Wu, 2009) . In addition to protein synthesis, Trp is also involved in several metabolic processes. As the precursor of serotonin, an important neuromediator, dietary Trp is associated with mood, stress response, sleep, and appetite regulation (Le Floc'h and Seve, 2007) . Trp is also involved in the Kynurenine pathway, which is associated with nicotinamide adenine dinucleotide (NAD + ), niacin, and picolinic acid metabolism. As the productive potential of laying hens is improved by breed selection, amino acid requirements may change to support the higher productive performance (Applegate and Angel 2014) . Recent research on the Trp requirement of commercial white-egg laying hens has been limited. The NRC (1994) suggests white-egg laying hens during peak production require 160 mg total Trp per hen per day, but this number is based on limited data sets that all predate 1994. Russell and Harms (1999) estimated total Trp requirement of 53 to 59-wk-old Hy-Line W36 laying hens as 136.5 mg/d based on 43.5 g of egg content production (egg weight minus shell weight divided by egg production). Another experiment using young Hy-Line W36 laying hens estimated the total Trp requirement from 28 to 36 wk of age to be 149.0 mg/d at 45.4 g of egg content (Harms and Russell, 2000) . Recent research on small framed whiteegg laying hens indicated a digestive Trp requirement of 142 mg/d based on FCR (Calderano et al., 2012) . The objective of the current experiment was to update the total Trp requirement of first cycle white laying hens from 41 to 60 wk of age using hen-housed egg production (HHEP), egg mass, and feed conversion ratio (FCR) as response criteria. Linear broken line models have been the most widely used estimate for Trp requirement experiments (Bray, 1969; Russell and Harms, 1999; Harms and Russell, 2000; Bregendahl et al., 2008; Calderano et al., 2012) , but quadratic polynomial and exponential models can also be used Ishibashi, 1985; Cardoso et al., 2014) . In this experiment, four models (linear broken line, quadratic polynomial, quadratic broken line, and exponential model) were fitted to the performance dataset to estimate Trp requirement in small-framed first-cycle laying hens.
MATERIALS AND METHODS

Diets
Corn, corn gluten meal, and soybean meal were selected as major ingredients to generate a Trp deficient basal diet. Amino acid concentrations of corn, corn gluten meal, and soybean meal were determined by single replicate analysis before dietary formulation (University of Missouri AESCL, Columbia, MO 65211). After the basal diet was mixed, basal diet samples were sent to Evonik GMBH (Hanau, Germany) for amino acid analysis (Table 1) . The basal diet formulation is presented in Table 1 and was completed to be sufficient in all essential amino acids with the exception of Trp (NRC, 1994) . The analyzed value of Trp in the basal diet was 0.096% resulting in a Trp-deficient diet in comparison with the 0.160% requirement reported in the NRC (1994). Branch chain amino acid (BCAA) concentrations were 0.680%, 1.819%, and 0.768% for Iso, Leu, and Val, respectively. Based on previous research, the concentration of BCAAs in this test diet was not expected to generate an antagonism with Trp or impact requirements . Synthetic L-Trp (98% feed grade, PT Cheil Jedang Indonesia) was supplemented to the basal diet in 0.020% increments, resulting in experimental diets containing 0.096%, 0.116%, 0.136%, 0.156%, 0.176%, and 0.196% Trp, respectively. In current experiment, all Trp values were expressed as total Trp. Over the duration of the experiment, experimental diets were mixed every 2 wk from the same group of experimental ingredients. Pooled samples of experimental diets were sent to Evonik GMBH (Hanau, Germany) for total amino acid analysis.
Animals and Housing
All animal work was approved by the Institutional Animal Care and Use Committee at Virginia Tech (Blacksburg, VA). In total 270, 41-wk-old Hy-Line W36 laying hens were selected from a flock of 600 birds. Birds selected were healthy and in high production (90.2%). Birds were randomly assigned to six treatments with 15 replicates of three birds/cage (464.5 cm 2 /cage) over two A-frame battery cage units. Hens were provided with approximately 95 g/d feed and ad libitum access to water. Hens were housed in a dark-out house conditions and provided a 16:8 lighting schedule. House temperature was controlled via a fan and air inlet ventilation system and ranged from 70
• F to 80
• F over the duration of the experiment. The hen-housed egg production for the 2 wk period before initiation of the experiment (wk 39 and 40 of age) ranged from 90.2% to 90.3% across the treatments (P = 0.99).
Over the duration of the experiment, laying hens were monitored at least twice daily and abnormalities, culled or mortality were noted and removed if needed. Eggs were collected and recorded and feed provided at approximately 10 am daily. Feed intake, HHEP, and FCR were calculated to correspond with each 2-wk feed manufacture period. Each week, 2 consecutive days of egg production were collected for egg weight measurements and were calculated every 2 wk to again correspond with feed manufacture periods. Two eggs, one from each day, per experimental unit from the above collected eggs were stored for 7 d before Haugh unit, relative albumen weight, relative yolk weight, relative shell weight, and egg shell thickness measurement. Egg quality indices were analyzed every 2 wk. Body weights were measured and recorded every 4 wk.
At 45 and 60 wk of age, one hen was randomly selected from each experimental unit and 1 ml of blood was collected from the brachial vein to determine plasma serotonin concentrations. The plasma serotonin concentration was measured by Elisa serotonin kit (Mybiosource, Inc., San Diego, CA) Statistical Analysis SAS 9.4 (SAS Institute Inc, Cary, NC) was used to analyze hen housed egg production, feed intake, egg weight, egg mass, FCR, daily Trp intake, Haugh unit, relative albumen weight, relative yolk weight, relative shell weight, shell thickness, and plasma serotonin using a one-way ANOVA with means separated by repeated measures using a Tukey's adjustment. Body weight loss at the end of 60 wk of age was analyzed using a one-way ANOVA and means were separated by Fisher's LSD test. Significance was accepted at P ≤ 0.05. Laying hen Trp requirement was calculated using linear broken line, quadratic broken line, quadratic polynomial, and exponential models based on HHEP, egg mass, and FCR. The regression was analyzed by JMP non-linear model option of JMP Pro 11.0.0 (SAS Institute Inc, Cary, NC) with daily Trp intake as the independent variable in the linear broken line (Bregendahl et al., 2008) , quadratic broken line, and quadratic polynomial models (Pesti et al., 2009) . Tryptophan concentration was the independent variable to estimate requirement in exponential model. In both the quadratic polynomial and exponential models, Trp requirement was estimated when 95% of maximum response was achieved. In published reports, 90% to 100% of the maximum quadratic response represents the typical range to quantify a response and 95%, the median level, is widely used (Kidd and Tillman, 2016) . 
RESULTS AND DISCUSSION
Laying Hen Performance
Dose response on laying performance observed in this experiment was consistent with those previously published (Bray, 1969; Ishibashi, 1985; Russell and Harms, 1999; Bregendahl et al., 2008) . The HHEP dropped below 40% in the 0.096% treatment, therefore this entire treatment was discontinued and birds returned to a Trp-sufficient diet (Figure 1 ). For the remaining treatments, HHEP increased significantly as Trp concentration increased from 0.116% to 0.176%, with a plateau occurring after the 0.176% treatment throughout the 19-wk period (Table 2) . After an initial drop, HHEP and feed intake somewhat recovered (Figure 1 ) in the 0.116 and 0.136% Trp fed hens suggesting an adaptation of the laying hens to the deficient Trp diets over time, but no ability to fully overcome the low concentration of Trp in the feed. Feed intake responded to dietary Trp concentration similar to HHEP (increasing with increased Trp concentration). Reduced feed intake has been associated with low dietary Trp concentration (Bray, 1969; Ishibashi, 1985; Jensen et al., 1990; Russell and Harms, 1999; . In contrast, there have been reports of a reduced sensitivity of feed intake to low dietary Trp concentration (Lima et al., 2012; Cardoso et al., 2014; Dong and Zou, 2017) . Although these authors reported decreased sensitivity of feed intake to Trp concentration, the lowest Trp concentration in these experiments ranged from 0.150% to 0.167% Trp, which is close to the break point concentration when feed intake was about to reach plateau in the dose response. According to the observation in the current experiment, reduced feed intake was observed when Trp concentration was 0.156% or below. This may suggest that decreased Trp concentration only results in reduced feed intake when dietary Trp concentrations are below 0.150% to 0.156% possibly due to unbalanced dietary amino acid concentrations.
Body weights were reduced resulting in a body weight loss in all treatments. This response is not unexpected and is most likely due to the change to experimental diets from control diets and the controlled feeding strategy applied over the experimental period. This controlled feeding strategy was used to ensure feed intake similar to commercial hens (Hy-Line Commercial Layer Management Guide, 2015) and to minimize differences in feed intake due to hen over consumption. The 0.116% dietary Trp concentration resulted in the highest body weight loss of 402.5 g throughout 19-wk period and body weight loss was decreased as dietary Trp concentration increased. Even with the body weight loss, body weights of hens fed the diets that contained sufficient Trp (0.176% and 0.196%) were at least equal to or above the breeder recommendations, while those diets below the Trp requirement resulted in hens with body weights at or below the breeder recommendations. In hens fed ad libitum feed, an increase in body weight was reported as dietary Trp concentration increased to sufficiency Bregendahl et al., 2008) . When dietary Trp was sufficient, no change or slightly increased body weight was observed at the end of these experiments. These data support the current experiment despite the differences in feed availability as body mass was sacrificed in hens fed Trpdeficient diets not sufficient to support egg production and body mass.
Increasing dietary Trp resulted in a quadratic response on egg weight (P ≤ 0.01). Although egg weights from birds fed the 0.136% Trp diets were Table 2 . Hen-housed egg production (HHEP), body weight (BW) loss, feed intake, egg weight, egg mass, feed conversion ratio (FCR), and Trp daily intake from 41 to 60 wk of birds fed diets containing 0.096%, 0.116%, 0.136%, 0.156%, 0.176%, and 0.196% Trp, respectively. 1 Haugh unit = 100 × log(h-1.7 × w 3.7 + 7.6); h = observed height of the albumen in millimeters; w = egg weight in grams. 2 The 0.096 treatment was removed from the experiment due to low egg production. a,b Least square means without a common superscript differ significantly (P ≤ 0.05).
numerically lower than that in 0.116% treatment, egg weight generally increased as dietary Trp concentration increased from 0.116% to 0.176% and reached a plateau thereafter. Similar observations concerning egg weights were reported with increasing dietary Trp (Jensen et al., 1990; Russell and Harms, 1999) . In contrast, other reports have indicated no significant difference on egg weight across different dietary Trp concentrations (Bregendahl et al., 2008; Cardoso et al., 2014) . The differences in the literature may be explained by the magnitude of the Trp deficiency as a wider dietary Trp concentration range is more likely to induce significant difference on egg weight.
The differences in egg mass are more consistent with the differences on HHEP than the egg weight differences that were only slightly altered by dietary Trp. Egg mass responded in a quadratic fashion as dietary Trp increased. Increased dietary Trp led to an improved FCR until the dietary Trp concentration reached 0.176% and no further improvements were observed. Similar observations were reported on egg mass and FCR in previous studies (Bregendahl et al., 2008; Cardoso et al., 2014) .
Egg Quality and Composition
Haugh unit decreased linearly (P ≤ 0.05) as dietary Trp concentration increased (Table 3) , although these responses were somewhat mixed as eggs from the 0.116% and 0.156% Trp fed hens resulted in significantly higher Haugh unit than eggs from hens fed 0.136%, 0.176%, and 0.196% Trp. No linear relationship between dietary Trp concentration and Haugh unit has been reported previously. Dong and Zou (2017) reported a mixed result as Haugh units were significantly increased by the 0.17% and 0.19% Trp in comparison to the 0.15%, 0.21%, and 0.23% Trp in diets. Mousavi et al. (2017) reported no differences on Haugh unit with hens fed different Trp concentration diets. Although there was a linear response, the mixed data in the current experiment are consistent with previous reports in that there is no consistent relationship between dietary Trp concentration and egg Haugh units. As all Haugh unit values were above 83, differences are not of practical significance. Relative yolk weight showed a quadratic response (P ≤ 0.01) as dietary Trp concentration increased. Relative yolk weights in treatment 0.176% and 0.196% were significantly higher than that in treatments 0.116%, 0.136%, and 0.156%. Lima et al. (2012) reported a quadratic response on yolk weight as Trp to Lys ratio increased from 19% to 27%. In contrast, no differences in yolk weight were observed with various dietary Trp concentrations in other reports (Calderano et al., 2012; Cardoso et al., 2014; Mousavi et al., 2017) . Relative shell weights in hens fed 0.156% Trp diets were significantly lower than eggs from hens fed the 0.136% diets. There were no significant differences across treatments on relative albumen weight and egg shell thickness. Overall, mixed results from current study and previous research may suggest little or no effect of dietary Trp concentration on egg component weights.
Plasma Serotonin Concentration
Both linear and quadratic responses were fitted to the plasma serotonin concentration as dietary Trp concentration increased. Birds fed diets containing 0.176% Trp showed significantly higher plasma serotonin concentration than those fed diets containing 0.116% and 0.136% Trp (Table 3 ). Previous research indicated that adding 0.5% Trp in laying hens diet could double plasma serotonin concentrations (Laycock and Ball, 1990) . Since the dietary Trp inclusion rate was much lower in current experiment than that in the Laycock and Ball (1990) 's report, the current approach might indicate a deficiency response, while the former experiment suggests an increase in plasma serotonin with Trp concentrations above the requirement. The current data do suggest that the plasma serotonin response is a deficient or sufficient response and not a good candidate for requirement determination.
Tryptophan Requirement
The Trp requirement was estimated using linear broken line, quadratic broken line, quadratic polynomial, and exponential model and all results are shown in Table 4 . The linear broken line model is most commonly applied to estimate amino acid requirements of poultry (Pesti et al., 2009) . Nevertheless, this model has been criticized as it fails to describe a real biological response by assuming an abrupt cessation of response after a linear response (Mack et al., 1999) . Linear broken line models typically result in a lower amino acid requirement in comparison with nonlinear curve models (Fisher et al., 1973 ). In the current experiment, the Trp requirement based on linear broken line model (Harms and Russell, 2000) resulted in Trp intake of 3.28 mg/g egg mass. In 1999, Russell and Harms reported a Trp intake of 3.10 mg/g egg mass in Hy-Line W-36 laying hens from 53 to 59 wk of age. Calderano et al. (2012) estimated the Trp requirement as 3.53 mg/g egg mass (these numbers were converted from a digestible value of 3.28 mg Trp/g egg mass, as originally reported). Although several experiments agree with the current data, the literature is not in full agreement as in two other experiments, a lower Trp requirement of 2.52 and 2.91 mg/g egg mass has been reported (Bray, 1969; Bregendahl et al., 2008) . Digestible Trp requirement was originally reported as 2.71 mg of Trp/g egg mass (tryptophan digestibility: 93%) by Bregendahl et al. (2008) . In Bray's (1969) experiment, single comb white leghorn laying hens were used and highest egg mass reported was 46.4 g/d, which was 2.89 g/d lower than the 49.29 g/d reported in current experiment. Similarly, in Bregendahl et al. (2008) report, 48.68 g/d egg mass may explain a relatively lower Trp requirement in relationship to the current experiment (49.29 g/d). The lower Trp requirement in the previous reports could be explained by lower laying hen performance of the older experiments as Trp is increased with increased laying hen egg production.
The Quadratic broken line model features a smooth breakpoint and a plateau (Pesti et al., 2009 ). The quadratic broken line model is a compromise between the linear broken line and quadratic polynomial models and resulted in a Trp requirement of 182.3, 199.5 and 163.9 mg per day based on HHEP, egg mass, and FCR, respectively. This model showed the best fit (R 2 ) among the different models evaluated in this experiment. When a quadratic broken line model was fitted to the data, the break point was 182.3 mg per day of Trp and the corresponding HHEP was 79.9%. Estimated Trp requirement by quadratic broken line model was higher than that from the linear broken line model but close to quadratic polynomial model. Based on egg mass, estimated Trp requirement was 4.02 mg Trp/g of egg mass. No previous literature has reported Trp requirement of laying hens using a quadratic broken line model. Quadratic polynomial models represent a response with a curved ascending portion at a decreasing rate as nutrient concentrations increase and reach a maximum response without any plateau. This model reflects the diminishing gains in performance as the diets draw closer to the bird's requirement (Pesti et al., 2009) . In this experiment, Trp requirement was estimated when 95% of the maximum response was achieved, resulting in a requirement estimate of 180.2, 186.9, and 182.1 mg Trp/day based on HHEP, egg mass, and FCR, respectively. In comparison with estimated Trp requirement by linear broken line and quadratic broken line model, Trp requirement by quadratic polynomial analysis based on FCR was higher. Ishibashi (1985) used quadratic polynomial models and estimated the Trp requirement of white Leghorn laying hens as 212 mg per day based on egg mass from 60 to 64 wk of age. In Dekalb White laying hens from 60 to 76 wk of age, digestible Trp requirement was 212 mg per day based on egg production (maximum egg mass was not reported) using the quadratic polynomial model (Cardoso et al., 2014) . In both of the above reports, 100% of maximum response was applied. By converting to 95% of maximum response, the Trp requirement was 201 and 201 (digestible) mg per day, respectively. When comparing Trp requirement on per gram of egg mass basis, the Trp requirement in current study was 3.74 mg Trp/g of egg mass that is higher than 3.66 mg Trp/g of egg mass in Ishibashi's (1985) report.
Exponential models account for the response by the law of diminishing return and are able to determine small changes in the response (Mack et al., 1999) . Although, there is some belief that this model overestimates the requirement (Fuller and Garthwaite, 1993 ). In the current experiment, the exponential model estimated the Trp requirement of 41 to 60 wk old laying hens to be 0.235%, 0.253%, and 0.199% based on HHEP, egg mass, and FCR, respectively (95% of the asymptotic response was applied). The exponential model indicates that laying hens need 4.41 mg of Trp to produce one gram of egg mass. In comparison with other models used in this experiment, the exponential model overestimated the Trp requirement even though a 95% asymptotic response was applied to help moderate the Trp requirement estimate. No Trp requirement data were estimated based on exponential model in previous laying hen research for comparison.
In this experiment, Trp requirement of small-framed white leghorn egg laying hens was in the same range as reported in previous literature. Nevertheless, the dietary Trp requirement varies as different models are used. From a fit (R 2 ) perspective, HHEP and egg mass presented a higher R 2 than FCR in all models. Among different models, quadratic broken line model presented a better fit than the other three models. No preference among the different models exists in the current experiment and analyzed data are provided to help people build their own opinion on Trp requirement in laying hens. For producing one gram of egg mass, a White leghorn laying hen needs 3. 16, 4.02, 3.74, and 4 .41 mg Trp based on linear broken line, quadratic broken line, quadratic polynomial, and exponential model, respectively.
SUPPLEMENTARY DATA
Supplementary data are available at Poultry Science online.
